O ver the past 12 years, in utero aortic valvuloplasty has been offered in the Cardiovascular Program at Boston Children's Hospital for fetuses who have aortic stenosis with evolving hypoplastic left heart syndrome (HLHS). This procedure can interrupt the evolution to HLHS, resulting in a biventricular circulation at birth in 30% of patients; an additional 8% of patients are converted to a biventricular circulation after initial univentricular palliation. We have reported previously on the technical success, adverse events, effects on fetal left heart physiology and cerebral blood flow characteristics, and postnatal cardiac outcomes. [1] [2] [3] [4] [5] [6] Fetal cardiac intervention (FCI) could improve neurodevelopmental outcomes theoretically by increasing cerebral oxygen delivery and consumption during fetal life, 7 as well as by improving postnatal hemodynamics through achievement of a biventricular circulation. However, neurodevelopmental outcomes of this high-risk group have not been reported previously.
The purpose of this study was to characterize the neurodevelopmental and behavioral outcomes of this growing population of children after fetal aortic valvuloplasty for aortic stenosis with evolving HLHS, including patients who achieved a biventricular circulation and those who Hypoplastic left heart syndrome PedsQL Pediatric Quality of Life Inventory underwent staged single ventricle palliation. In addition, we identified risk factors for adverse neurodevelopment outcomes unique to this population and compared their development with published data in the HLHS group who did not undergo FCI and were treated with single ventricle staged palliation.
Methods
This cohort study involved cross-sectional measurement of neurodevelopment and behavior, together with retrospective review of medical records.
Eligible subjects were those who had undergone fetal aortic valvuloplasty for aortic stenosis with evolving HLHS in our Fetal Cardiac Intervention Program between March 2000 and November 2012, and thus were >12 months of age by December 1, 2013. Exclusion criteria included aortic valve dilation as part of a salvage procedure for hydrops and cardiac transplantation. This study was conducted with the approval from the Boston Children's Hospital Institutional Review Board and conducted in accordance with institutional guidelines. Written informed consent from parents or guardians was obtained for all subjects, and assent was obtained according to institutional guidelines.
We performed a retrospective maternal and fetal chart review. The year of fetal intervention, gestational age at intervention, and type of maternal anesthesia were recorded. Technical success of the aortic valvuloplasty was defined as one in which the aortic valve was crossed and a balloon inflated, with clear evidence of increased flow across the valve and/or of new aortic regurgitation by color Doppler as assessed by 2 echocardiographers. Fetal resuscitation was defined as bradycardia or dysfunction requiring nonprophylactic epinephrine or drainage of a pericardial effusion. 6 The degree of aortic regurgitation was recorded from the echocardiogram performed 24 hours after fetal intervention.
We defined a biventricular circulation at time of neurodevelopment testing as one in which the left ventricle was the sole source of systemic output, with no intracardiac or great arterial shunts except an atrial septal defect or patent foramen ovale. Patients with biventricular circulation included those whose circulation was biventricular from birth (ie, with no univentricular staging procedures), as well as patients who underwent initial univentricular palliation that was later converted to a biventricular circulation. We defined single ventricle circulation as a definitive or intermediate univentricular circulation at the time of neurodevelopment testing. We recorded characteristics at birth, including gestational age, sex, ascending aorta diameter, genetic syndrome, and perinatal interventricular hemorrhage. We recorded growth measures at birth, before a bidirectional Glenn procedure or at approximately 6 months of age, and at the time of neurodevelopment testing. Growth measures were converted to age-adjusted z scores based on World Health Organization standards. We also recorded initial and current feeding modality; hospital duration of stay after the initial intervention and throughout the first year of life; surgical and catheterization interventions; intraoperative perfusion times; complications, including cardiopulmonary resuscitation, extracorporeal membrane oxygenation, necrotizing enterocolitis, arrhythmias, and seizures; current cardiac medications; and maternal education and socioeconomic status (Hollingshead Four-Factor Index of Social Status). 8 Our primary outcome measure was the General Adaptive Composite (GAC) score of the Adaptive Behavior Assessment System Questionnaire-Second Edition (ABAS-II). 9 This is a parent-completed, standardized questionnaire that assesses adaptive skills in children from birth to 21 years of age. Composite scores for overall adaptive functioning (GAC), conceptual, social and practical domains (mean ± standard deviation, normal range 100 ± 15) as well as the 9 subscales (mean ± standard deviation, normal range 10 ± 3) were reported.
Parents also completed the Ages and Stages Questionnaire, Third Edition (ASQ-3), a developmental screener for children ages 1 month to 5 years of age. 10 The ASQ-3 assesses concern or risk of development delay in the domains of communication, gross and fine motor development, problem solving, and personal-social skills using pre-established threshold cutoffs.
The Behavior Rating Inventory of Executive Function (BRIEF) is a parent-completed standardized measure that assesses executive function at home. 11, 12 We report T scores for 3 domain scores (global executive composite, metacognition index and behavior regulation index) and 8 subscales (normal mean [SD] of 50 ± 10). Parents of children 2-5 years of age completed the BRIEF-Preschool Version Questionnaire, and parents of children 6-13 years of age completed the BRIEF. 11, 12 The Behavior Assessment System for Children-Second Edition (BASC-II) is a measure of social-emotional functioning completed by parents of children aged 2-21 years. 13 We report T scores of the 4 domains (externalizing problems, internalizing problems, behavioral symptoms index, and adaptive skills) and 12-15 subscales (normal 50 ± 10). In addition, pre-established threshold cutoffs were used to determine whether a child's score represents an area of 'risk' or 'concern' outside the normal range.
Health-related quality of life was assessed by the Pediatric Quality of Life Inventory (PedsQL) completed by parents of children ≥2 years of age and by children if they were older than 5 years of age.
14 It assesses the domains of physical, emotional, social, and school functioning of children with cardiac disease. For each of the 4 domains, higher scores represent better health-related quality of life.
Children whose families agreed to return to our institution for evaluation underwent in-person neurodevelopmental testing administered by a psychologist. Children younger than 3 years of age were administered the Bayley Scales of Infant and Toddler Development-Third Edition (BSID-III). 15 Composite scores (normal 100 ± 15) and subscale scores (normal 10 ± 3) were reported for the cognitive, language, and motor domains. Children ages 3 years of age and older were administered the Differential Abilities Scales-Second Edition (DAS-II). 16 The DAS is a standardized assessment of a child's Volume 184 • May 2017 cognitive abilities. Composite (verbal, nonverbal, and global) scores were reported (normal 100 ± 15).
Statistical Analyses
Continuous neurodevelopmental outcomes are summarized using the mean ± standard deviation. Other continuous patient characteristics are summarized using median (range), and categorical variables are presented as frequency (%). Patient characteristics were compared for subjects included in the study sample versus those eligible but for whom neurodevelopmental outcomes were not assessed using the Wilcoxon rank-sum and Fisher exact tests. Mean values of neurodevelopmental scores were compared with normal values for the general population and to published means for patients with HLHS using 1-sample t tests. Mean scores for patients with a biventricular circulation versus those with HLHS were compared using unpaired t test, without assumption of equal variances. Unadjusted relationships between the primary outcome ABAS-II GAC score and patient characteristics were evaluated using unpaired t tests and Spearman correlation coefficients. Multivariable analysis was performed using linear regression.
Bootstrap resampling with samples of size 52 and 500 repetitions was used to estimate standard errors for regression coefficients and P values. Bootstrap reliability, defined as the percentage of times that a variable would be selected as significant within the model among the 500 datasets created, was calculated for each variable included in the final model. The level of significance was set at .05 for all comparisons.
Results
From among 100 children who underwent fetal balloon aortic valvuloplasty for aortic stenosis with evolving HLHS between March 2000 and November 2012, 11 experienced fetal demise, 1 mother chose to terminate after an unsuccessful intervention,15 died after birth, and 4 were younger than 12 months of age at the time of our study ( Figure 1 ; available at www.jpeds .com). No patient underwent cardiac transplantation. Of the remaining 69 eligible patients, the parents of 52 (75%) completed neurodevelopmental questionnaires and form the cohort for the current study. Twenty-four subjects (35%) returned for in-person testing. Sociodemographic characteristics and medical history of subjects with neurodevelopmental questionnaires are summarized in Tables I and II (Table II available at www.jpeds.com). In brief, the median (range) age of the patients at questionnaire completion was 5.5 years (1.3-12) . At the time of study enrollment, 30 (58%) had biventricular status, and 22 (42%) had single ventricle physiology. Subjects with and without completed questionnaires did not differ with respect to gestational age at FCI, birth weight, sex, genetic syndrome, or current age (Table II) . Eligible subjects who did not return questionnaires were more likely to have had a technically unsuccessful FCI, a later gestational age at birth, a single ventricle circulation at birth and at current age, medical care at another institution, a history of a stage 1 procedure, and a greater number of interventional catheterizations. Of note, the mean (SD) score on the Hollingshead Four-Factor Index of Social Status in the FCI cohort was significantly higher than that of 646 participants in our general cardiac neurodevelopmental program (49.5 ± 10.8 vs 45.3 ± 15.3; P = .011). The mean scores for overall adaptive functioning, as indicated by the GAC on the ABAS-II were significantly lower than those of the normative population (Table III ; available at www.jpeds.com). The distribution is depicted in Figure 2 . Scores in the practical domain and individual skill areas of selfcare, community use, home living, and self-direction were also significantly lower than in the normal population. Compared with published data on adaptive functioning in children with HLHS, the FCI cohort had higher scores in the areas of health and safety and self-care. 17 Within the FCI cohort, children with a biventricular circulation had lower scores in the conceptual domain and, in the younger children, the skill area of functional pre-academics, compared with children who had single ventricle physiology. Interestingly, these scores did not vary between subjects who did and did not undergo cardiac surgery. Within the biventricular cohort, scores did not differ between those with biventricular circulation since birth and the 4 patients who were converted to a biventricular circulation after birth, with limited statistical power.
Univariate predictors of a lower GAC score on the ABAS-II are summarized in Table I . Specifically, a lower GAC score was associated with longer hospital duration of stay at initial hospitalization; lower weight and height z-scores before the stage II procedure or, for those with biventricular status in infancy, at 6 months of age; more days in the hospital during the first year of life; a current G-tube; and a history of any catheterization intervention. Outcomes were similar in children with moderate to severe aortic regurgitation and those with less severe regurgitation. Results of the multivariable analyses that included all variables other than biventricular circulation indicated that total days in the hospital over the first year of life was the only variable that was significantly associated with a lower GAC score (Table IV) . After adjusting for total days in hospital and forcing biventricular circulation at the time of testing into the model, we found that biventricular status was marginally associated with lower GAC scores.
On the BASC-II, the mean scores for externalizing, internalizing, and adaptive behavior did not differ from those of the normative population (Table V; available at www.jpeds .com). However, our subjects had significantly lower scores in the activities of daily living subscale. The BASC-II scores in subjects with FCI did not differ from published data on patients with single ventricles. Within our study cohort, parents of children with single ventricle physiology were more likely to report risk or concern for anxiety (19% vs 4%) than those of children with a biventricular circulation.
The mean BRIEF global executive composite score did not differ from those of the normative population (Table V) . However, the clinical scale of emotional control was significantly lower than the normative mean. Within the FCI cohort, parents of children with single ventricle physiology at testing were more likely to report risk or concern around emotional control (14% vs 0%) than children with a biventricular circulation. On the ASQ-3, depending on the subscale, 27%-40% of the subjects with FCI had risk or concern for delay in the domains of communication, gross motor, fine motor, problem solving, and personal-social development. The percentage of subjects having risk or concern for delay did not differ between those with biventricular versus single ventricle circulation.
Compared with healthy norms, the mean scores for overall, psychosocial, and physical quality of life on the PedsQL were significantly lower for the FCI cohort ( Table V) . These findings were comparable with previously published data for the overall and psychosocial scores of the PedsQL in children with a single ventricle; however, patients with FCI scored lower in the domain of psychosocial quality of life. Within the FCI cohort, the mean scores did not differ between those with biventricular versus single ventricle circulation.
A subset of children returned for in-person neurodevelopmental testing. Six children under 3 years of age completed the BSID-III. All of these subjects had biventricular circulation at the time of testing. Their mean scores were lower than those of the normative population in cognitive, language, and motor domains ( Table V) . The gross motor scaled score was at least 1 standard deviation lower than that in the normative population. Eighteen children older than 3 years of age completed the DAS-II. Their Global Composite Abilities mean score was comparable with that in the normative population ( Table V) . Mean scores did not differ between those with a biventricular versus single ventricle circulation.
Discussion
Children with HLHS who undergo staged palliation to the Fontan procedure are at substantial risk for neurodevelopmental impairment affecting school performance, social interactions, and quality of life. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Factors reported to contribute to neurodevelopment delay include innate patient characteristics (eg, birth weight, socioeconomic status, genetic disorder), as well as medical variables, including surgical interventions and perioperative hospital course. [29] [30] [31] [32] [33] [34] [35] The risk for neurodevelopmental disorders among patients with HLHS may begin with known and unknown underlying genetic factors that affect both heart and brain, as well as diminished oxygenation and perfusion of the brain in utero. 36, 37 Neonates with HLHS have been shown to have microcephaly and abnormal neurologic examinations at birth. 38, 39 Magnetic resonance imaging studies of the brain have shown that fetuses with HLHS have brain maturation that is delayed by approximately 1 month with histopathologic evidence of chronic diffuse white matter injury as well as perturbed neuroaxonal development and metabolism. [40] [41] [42] We found that children who have undergone FCI have significant impairment in their general adaptive functioning, reflecting difficulties achieving age-appropriate self-care skills and independence. Similar results have been described in children with HLHS after the Norwood procedure, but without FCI, who had lower GAC scores, especially in the skill area of self-care. 17 Significant univariate predictors of poorer adaptive functioning in the FCI cohort were longer duration of hospital stay after the initial intervention and throughout the first year of life, lower weight and height Z-score at 6 months of age or before the bidirectional Glenn procedure, a current G-tube, and a history of at least 1 catheter intervention. In multivariable analyses, a greater number days in the hospital in the first year of life was by far the strongest risk factor for adverse outcome. Contrary to our expectation, however, children with biventricular status at the time of completion of questionnaires had marginally worse general adaptive functioning, despite comparable performance with those with single ventricle physiology in all other domains of behavior and development. Interestingly, scores on neurodevelopmental questionnaires were similar in the 7 children with biventricular status in whom cardiac surgery was not performed compared with the remaining patients in the FCI cohort. The neurodevelopmental outcomes for the 4 patients in our cohort who were converted to a biventricular circulation after birth were also similar. Taken together, these data suggest that neither FCI nor achievement of biventricular status confer an advantage for later neurodevelopmental outcomes. Previous data have suggested that greater ascending aorta dimensions are associated with better neurologic outcomes, presumably through the mechanism of better cerebral oxygen delivery and consumption. 37, 39 The reasons that our FCI group did not have superior outcomes despite their larger postnatal ascending aorta measurements are uncertain. It is possible that factors important for later neurodevelopment, such as genetic abnormalities 43 or lower combined ventricular output 44, 45 and reduced fetal cerebral oxygen delivery during early critical periods of brain development, may have already exerted their impact before FCI, which is performed in mid to late gestation. Indeed, we previously found no change in middle cerebral artery Doppler patterns either immediately after FCI or later in gestation. 5 Moreover, similar to patients with HLHS, those who achieved a biventricular circulation still had substantial cardiac morbidity postnatally, and hospital duration of stay, a known predictor of neurodevelopmental outcome, was similar in the 2 groups. 6, 27, 46 Younger children showed delays in multiple domains on the ASQ and BSID-III, with significantly lower scores in the motor domain compared with the normative population, consistent with other studies in the high-risk single ventricle population.
47 Surprisingly, children of older ages had ageappropriate cognitive scores, which, in this small sample, did not differ from normative data. Because of our cross-sectional study design, we are unable to determine whether the higher scores in older children represent within-patient improvement over time, differences in test modalities, or differences in unmeasured confounders. Of note, Mussatto et al 48 recently demonstrated that, although developmental delays in young children with congenital heart disease can change dynamically over time, most patients without genetic abnormalities followed a stable developmental trajectory.
Our study has additional limitations. Our study did not include fetal middle cerebral artery Doppler indices, because the number of patients with adequate tracings for analysis was small and we had previously reported lack of changes in cerebrovascular hemodynamics after FCI. 5 Postnatally, our cohort included children across a wide range of ages, with associated variability in test scores that likely diminished our ability to detect some risk factors. Many children in the cohort live at a distance from our center and receive care at other institutions; in such patients, we relied on a review of outside records. Many FCI families were unable to return for inperson testing owing to financial or time constraints. Not all children in this cohort underwent formal evaluation by a geneticist. Even though our questionnaire response rate was high at 76%, those who did not complete the questionnaires were more likely to have a single ventricle outcome, be followed at outside institutions, and be lost to study follow-up. Secular trends in neurodevelopment testing made it difficult to compare our findings with previously published findings on children with HLHS. For example, the BSID-III and ASQ have developed new editions, making comparisons limited. Moreover, patients with HLHS who have undergone FCI do not have aortic atresia and also may have more highly informed families with means to travel further, so a comparison of their neurodevelopmental outcome with published results for HLHS could overestimate the neurodevelopmental benefits. Multiple comparisons could limit the interpretation of our findings, but very few significant differences were found. We did not obtain systematic magnetic resonance imaging studies of the fetal or postnatal brain in this cohort during the time period of the study.
These data suggest that innate patient factors and general morbidity during infancy have the greatest effect on neurodevelopmental outcomes. They also highlight the importance of routine and longitudinal developmental evaluations in this high-risk population, in accordance with recommendations from the American Heart Association. 49 Future studies should investigate the relationship among fetal middle cerebral artery Doppler patterns, fetal cerebral oxygen delivery, and neurodevelopmental outcomes. Study sample (n = 6) General population Published single V Biventricular status (n = 6) HLHS (n = 0) n Mean ± SD Mean P Mean ± SD (n) P Mean ± SD Mean ± SD P 
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